Water-soluble carbohydrates (WSCs; composed of mainly fructans, sucrose [Suc], glucose [Glc], and fructose) deposited in wheat (Triticum aestivum) stems are important carbon sources for grain filling. Variation in stem WSC concentrations among wheat genotypes is one of the genetic factors influencing grain weight and yield under water-limited environments. Here, we describe the molecular dissection of carbohydrate metabolism in stems, at the WSC accumulation phase, of recombinant inbred Seri/Babax lines of wheat differing in stem WSC concentrations. Affymetrix GeneChip analysis of carbohydrate metabolic enzymes revealed that the mRNA levels of two fructan synthetic enzyme families (Suc:Suc 1-fructosyltransferase and Suc:fructan 6-fructosyltransferase) in the stem were positively correlated with stem WSC and fructan concentrations, whereas the mRNA levels of enzyme families involved in Suc hydrolysis (Suc synthase and soluble acid invertase) were inversely correlated with WSC concentrations. Differential regulation of the mRNA levels of these Suc hydrolytic enzymes in Seri/Babax lines resulted in genotypic differences in these enzyme activities. Down-regulation of Suc synthase and soluble acid invertase in high WSC lines was accompanied by significant decreases in the mRNA levels of enzyme families related to sugar catabolic pathways (fructokinase and mitochondrion pyruvate dehydrogenase complex) and enzyme families involved in diverting UDP-Glc to cell wall synthesis (UDP-Glc 6-dehydrogenase, UDP-glucuronate decarboxylase, and cellulose synthase), resulting in a reduction in cell wall polysaccharide contents (mainly hemicellulose) in the stem of high WSC lines. These data suggest that differential carbon partitioning in the wheat stem is one mechanism that contributes to genotypic variation in WSC accumulation.
Water-soluble carbohydrates (WSCs) can accumulate in the stem and leaf sheath of cool-season cereals (e.g. wheat [Triticum aestivum], barley [Hordeum vulgare] , and oats [Avena sativa]) during the period from stem elongation to the early phase of grain filling and serve as temporary carbohydrate reserves, commonly called the stem carbohydrate reserves (Schnyder, 1993; Wardlaw and Willenbrink, 1994; Blum, 1998; Gebbing, 2003) . WSCs in wheat stems are mainly composed of fructans, Suc, Glc, and Fru, with fructans being the major component at the late stage of WSC accumulation phase (Ruuska et al., 2006) . Fructans are soluble linear or branched b-2,1-or b-2,6-linked fructosyloligosaccharides that are derived from Suc and synthesized in the vacuole, and are present in 15% of angiosperm species (Vijn and Smeekens, 1999; Van Laere and Van den Ende, 2002; Chalmers et al., 2005) .
Fructans in cereals are mainly the graminan type, that is predominantly b-2,6-linked fructosyl-units with shorter b-2,1-linked branches (Bancal and Triboï, 1993; Ritsema and Smeekens, 2003; Chalmers et al., 2005) .
Because cereal stem tissue at the early reproductive stage is the predominant organ by weight, stem WSC reserve is an important carbon source for grain yield in wheat and barley (Bonnett and Incoll, 1992; Schnyder, 1993) . WSCs can accumulate in wheat stems to more than 40% of total stem dry weight (McCaig and Clarke, 1982; Blacklow et al., 1984; Housley, 2000) . WSCs mobilize from the stem during the later phase of grain filling (Willenbrink et al., 1998) and can potentially contribute to about 20% of grain yield under normal conditions (Schnyder, 1993; Blum, 1998; Wardlaw and Willenbrink, 2000) . A similar level of stem WSC contribution to grain yield has been shown in barley (Bingham et al., 2007) . The stem WSCs become more important for grain yield in cereal crops under abiotic stress (Blum et al., 1991; Kiniry, 1993; Schnyder, 1993; Blum, 1998; Van Herwaarden et al., 1998a , 1998b . In wheat crops with drought stress during the grainfilling period, the stem WSCs could potentially contribute to .50% of grain yield (Brooks et al., 1982; Aggarwal and Sinha, 1984) . This is because the carbon supply from photosynthesis is reduced during drought stress due to both stomatal closure in the leaves (Chaves et al., 2002) and coordinated downregulation of genes involved in the Calvin cycle (our unpublished data).
Stem WSC accumulation is influenced by environmental factors (Blum, 1998; van Herwaarden et al., 1998a; Ehdaie et al., 2006; Ruuska et al., 2006 Ruuska et al., , 2008 . However, considerable genotypic variation in stem WSC concentration has been observed in barley and wheat (Schnyder, 1993; Foulkes et al., 2002; Ehdaie et al., 2006; Ruuska et al., 2006) . Genotypic ranking among wheat genotypes in stem WSC concentration is generally consistent across environments (Foulkes et al., 2002; Ruuska et al., 2006) , with large broadsense heritability (H 5 0.9) in wheat (Ruuska et al., 2006) . Analysis of the physiological basis of recent genetic gains in wheat breeding for grain yield in Australia and the United Kingdom has shown an increase in stem WSC concentration (Van Herwaarden and Richards, 2002; Shearman et al., 2005) . Positive relationships between stem WSC concentration at anthesis and grain weight or yield in wheat have been observed in many studies, particularly under waterlimited environments (Foulkes et al., 2002; Asseng and Van Herwaarden, 2003; Ruuska et al., 2006) . Therefore, high WSC concentration is considered to be a potentially useful trait for improving grain weight and yield in water-limited wheat production environments (Blum, 1998; Asseng and Van Herwaarden, 2003; Shearman et al., 2005; Ruuska et al., 2006; Foulkes et al., 2007) . However, the molecular mechanisms that underlie genotypic variation in the WSC trait are essentially unknown.
Differences in the accumulation of WSCs in stems among genotypes could potentially result from various factors such as photosynthesis capacity, carbon use efficiency, and carbon partitioning between stem reserve deposition and other physiological processes (e.g. maintenance respiration, growth, and cell wall synthesis). These processes involve many carbohydrate metabolic genes in a number of major carbohydrate metabolic pathways: the Calvin cycle, gluconeogenic, glycolytic, Suc, and fructan synthetic pathways, etc. Fructans and Suc are the major components of wheat stem WSCs (Ruuska et al., 2006) and the rate of fructan synthesis appears to be dependent on Suc levels in the tissue (Kü hbauch and Thome, 1989; Pollock and Cairns, 1991; Smouter and Simpson, 1991) . Therefore, genotypic differences in WSC accumulation could center primarily in differences in the influx and/or efflux rate of carbon into the stem Suc pool. To dissect the molecular basis of genotypic variation in stem WSC concentration, we performed Affymetrix GeneChip expression analysis in stems of recombinant inbred Seri/Babax (SB) lines of wheat varying in stem WSC concentrations. This study focused on genes involved in metabolic pathways of glycolysis, gluconeogenesis, Suc, and fructan synthesis and hydrolysis, as well as genes involved in diverting carbohydrate metabolites from the Suc synthetic pathway to cell wall polysaccharide synthesis. Because the stem WSC concentration at anthesis or shortly after anthesis (i.e. at the stem WSC accumulation phase) is a good indicator of positive association between WSC level and grain weight or yield in wheat (Ruuska et al., 2006; Foulkes et al., 2007) , we analyzed the association of gene expression levels with stem WSC concentrations at anthesis. We identified that expression levels of a number of key carbohydrate metabolic enzymes relevant to WSC metabolism were correlated with stem WSC concentrations. The associations of key differentially expressed carbohydrate metabolic genes with genotypic variation in WSC accumulation in the stem were validated by analyses of genotypic differences in their enzyme activities or end product contents.
RESULTS

Variation in Stem WSC Concentration and Positive Correlation between WSC Concentration and Grain Weight or Grain Yield in SB Progeny
Variation in stem WSC concentration was examined at anthesis among 16 recombinant inbred SB progeny lines of wheat, grown in 2005 under rain-fed conditions with a small amount of supplementary irrigation in southern Queensland, Australia, where wheat production is prone to terminal drought stress. These SB lines were selected based on variation in stem WSC concentration, but similar in anthesis date. This trial experienced both pre-and postanthesis drought stress. However, to obtain stem samples with uniform plant water status for comparative analysis of gene expression in the progeny lines, samples were harvested about 2 d after rain such that no drought stress symptoms were observed in these plants at the time of sampling. Figure 1 shows variation in stem WSC concentration among these progeny lines. The WSC level in the highest WSC line was about 2 times higher than that in the lowest line. A similar level of difference in stem WSC concentration among these lines was also observed in field trials of previous years and in 2006 and 2007 (data not shown) , indicating that the variation was largely genotypic. Fructan was the major component that contributed to genotypic variation in WSC concentration. In addition, Suc made some positive contribution to the WSC trait, but was not statistically significant (Fig. 2) . The combined levels of fructan and Suc were highly correlated with the WSC concentrations (r 5 0.71, P , 0.01). However, Suc levels were not correlated with fructan levels in the stem (Fig. 2) . Stem Glc or Fru levels in these SB lines were inversely associated with WSC concentrations, but were not statistically significant (Fig. 2) .
To examine the relationships between WSC accumulation and grain weight or yield, the stem WSC levels of individual lines were plotted with grain weight or yield. A relatively strong correlation (r 5 0.72, P , 0.01) between the WSC levels and grain weight was observed among these 16 progeny lines (Fig. 3A) . The WSC levels were also significantly correlated with grain yields (r 5 0.65, P , 0.01) among these SB lines (Fig. 3B) .
Annotation of Wheat Carbohydrate Metabolic Genes Related to WSC Metabolism
To dissect the molecular basis underlying genotypic variation in WSC accumulation, we used the wheat genome array (Affymetrix GeneChip) containing .61,000 probe sets representing 55,052 transcripts to examine genotypic differences in the transcript levels of carbohydrate metabolic genes involved in major pathways related to WSC metabolism. This requires clear annotation of carbohydrate metabolic genes related to WSC metabolism, including bioinformatic prediction of the subcellular location of enzymes, because carbohydrate metabolic enzymes present in the cytoplasm are involved in different metabolic pathways from their chloroplast counterparts. We used the T. aestivum gene index (TaGI) database (http:// compbio.dfci.harvard.edu/tgi/cgi-bin/tgi/gimain.pl? gudb5wheat) as the first step in annotating the gene identity of each probe set present in the Affymetrix wheat GeneChip. In the TaGI database, wheat ESTs from PlantGDB database (www.plantgdb.org/) have been assembled into tentative consensus (TC) sequences of individual genes. Identified putative carbohydrate metabolic genes potentially involved in the major pathways related to WSC metabolism were then subjected to extensive bioinformatic analyses for their potential biochemical function based on sequence homology with known-function proteins and prediction of subcellular location.
A list of carbohydrate metabolic genes related to WSC metabolism identified through the above bioinformatic analyses is given in Supplemental Table S1 . These carbohydrate metabolic genes are grouped into gene families based on their sharing the same metabolic function. In this sense chloroplast Fru-bisP genes are excluded from the cytoplasmic Fru-bisP family, as the former is involved in the Calvin cycle and the latter is involved in gluconeogenesis. Extensive reannotation is given for genes from glycosyltransferase family 32, which contains cell wall and vacuolar invertases, fructosyltransferases, and fructan exohydrolases (FEHs), based on recent publications (Chalmers et al., 2003 (Chalmers et al., , 2005 Van den Ende et al., 2003 De Coninck et al., 2005; Ritsema et al., 2005 Ritsema et al., , 2006 Francki et al., 2006; Lasseur et al., 2006; Van Riet et al., 2006; Ji et al., 2007; Le Roy et al., 2007; Lothier et al., 2007; Verhaest et al., 2007 To examine the relationship between the transcript levels of individual carbohydrate metabolic genes and stem WSC levels, 16 Affymetrix wheat GeneChips were used to determine the transcript levels of carbohydrate metabolic genes in the stem of eight SB lines at anthesis with two field replicates of each line. Correlation analysis between the transcript levels of individual genes and stem WSC concentrations was performed using both genotypic means (n 5 8) and individual samples (8 genotypes 3 2 field replicates, n 5 16; Supplemental Table S1 ). This analysis showed that the majority of the enzyme families related to WSC metabolism had at least one significantly correlated isoenzyme gene (Supplemental Table S1 ). In addition, many enzyme families had members that showed differential mRNA-WSC correlation patterns (Supplemental Table S1 ; Supplemental Fig. S1 ). The physiological significance of individual isoenzyme genes in contribution to a given enzymatic reaction is partly related to its relative mRNA abundance among the members of a given multigene enzyme family, as the mRNA abundance of many carbohydrate metabolic genes differs markedly among family members (Supplemental Table S1 ). Owing to conflicting expression profiles of individual isoenzymes in many enzyme families in relation to WSC accumulation, the total transcript level of an enzyme family that shares the same metabolic function is likely to provide a useful indicator of the potential contribution of a given enzyme to WSC accumulation despite potential error due to the absence of knowledge of relative translation efficiency and specific activity among these isoenzymes.
To evaluate whether relative hybridization signals of individual isoenzyme genes from the Affymetrix GeneChip data are proportional to their relative mRNA levels among members of a given gene family, we quantified the relative mRNA levels of individual isoenzyme genes from Suc-P synthase and Suc synthase families (six genes selected from each family) using quantitative reverse transcription (RT)-PCR. The relative mRNA abundance among members within an enzyme gene family was estimated as apparent expression levels (AELs) relative to an internal control gene, TaRPII36 encoding T. aestivum RNA polymerase II 36-kD subunit (Stephenson et al., 2007) . This analysis showed a strong correlation (r 5 0.99 for the Suc synthase family; 0.95 for the Suc-P synthase family) between mRNA level data derived from quantitative RT-PCR and Affymetrix GeneChip (data not shown). Therefore, we used the total hybridization signal (i.e. total transcript level) of individual enzyme families as the first step to assess their relationships with the WSC levels. With this approach, we found that expression levels of 11 enzyme families showed a significant correlation (P , 0.05) with stem WSC concentrations at both genotypic (n 5 8) and genotype/field-replicate (n 5 16) levels, as summarized in Table I (enzymes consisting of multicomponents, such as pyruvate dehydrogenase complex and cellulose synthase, are considered here as one enzyme family). The roles of these enzymes in carbohydrate metabolic pathways and differences in their total transcript levels between the high and low WSC lines are illustrated in Figure 4 . In each of these 11 enzyme families, the mRNA level of at least one predominantly expressed isoenzyme was significantly correlated with the WSC concentrations at both genotypic and genotype/field-replicate levels. However, differences in the expression levels of two enzyme families (Fru-bisphosphatase and Suc-P synthase) among the SB lines were very small. For both families the total mRNA level in the SB line containing the highest mRNA level was ,30% higher than that with the lowest level. As such a difference would be technically difficult to verify by quantitative RT-PCR, we did not consider them as differentially expressed gene families. In addition to the genotypic component, the mRNA levels of many carbohydrate metabolic genes, as well as stem WSC concentrations, were affected by environmental factors, as seen by differences in field replicates (data not shown). Significant correlation between the mRNA levels of a given enzyme family and stem WSC concentration at the genotype/field-replicate level (n 5 16) provides further support for association of the genotypically correlated enzymes with the WSC trait, as this ensures that the mRNA level of a given enzyme family in each sample is linked to the WSC concentration.
Of the nine gene families that showed significant correlations with WSCs at both levels, two showed a positive correlation between mRNA and WSC levels and seven exhibited an inverse correlation ( Table I) . The positively correlated gene families are Suc:Suc 1-fructosyltransferase (1-SST) and Suc:fructan 6-fructosyltransferase (6-SFT), both of which are involved in fructan synthesis (Chalmers et al., 2005) . The seven inversely correlated gene families are Suc-hydrolyzing enzymes (Suc synthase and soluble acid invertase), enzymes involved in sugar catabolic pathways (fructokinase and pyruvate dehydrogenase complex), and enzymes capable of diverting carbon to cell wall synthesis pathways (UDP-Glc 6-dehydrogenase, UDPglucuronate decarboxylase, and cellulose synthase). In plants, cellulose synthase contains multiple subunits (Djerbi et al., 2004; Aspeborg et al., 2005; Persson et al., 2005) . Two functional cellulose synthase complexes are known and each functional cellulose synthase complex contains at least three different subunits (Persson et al., 2005) . In Arabidopsis (Arabidopsis thaliana), CesA1, CesA3, and CesA6 form an enzyme complex responsible for primary cell wall synthesis, whereas a CesA4-CesA7-CesA8 complex is responsible for secondary cell wall synthesis (Persson et al., 2005) . TaCesA1, TaCesA3, TaCesA4, TaCesA7, TaCesA8, and TaCesA10 (see Table I ) are designated based on their sequences that share the highest amino acid homology with their respective Arabidopsis cellulose Table I . Correlation analysis between the transcript levels of enzyme families and WSC concentrations in the stems of eight SB lines
The total transcript levels of each enzyme family derived from the Affymetrix GeneChip data were used for this analysis. The mean value of hybridization signals from two field replicates of each line was used for correlation analysis between the total mRNA levels of each enzyme family and WSC concentrations at the genotypic level (n 5 8). Variation in mRNA levels and WSC concentrations in two field replicates is implicated in correlation analysis at the genotype/replicate level (n 5 16). Enzyme families that are statistically significant at both levels are in bold letters. Statistical significance of correlation coefficients was indicated by * (P , 0.05) or ** (P , 0.01). Mito, Mitochondrion; Cyto, cytoplasm; Vac, vacuole; PM, plasma membrane; Apo, apoplast; PDH, pyruvate dehydrogenase complex; GAPDH, glyceraldehyde-3-P dehydrogenase; PFP, diphosphate-Fru-6-P 1-phosphotransferase; P, phosphate. To validate the WSC-correlated carbohydrate metabolic genes derived from the Affymetrix GeneChip data based on eight SB lines, we extended the correlation analysis of gene expression levels in association with the stem WSC concentrations to the 16 SB lines as shown in Figure 1 , which included the eight SB lines that were used in the Affymetrix GeneChip analysis. One or two predominantly expressed isoenzyme members were selected from each WSC-correlated gene family based on the Affymetrix GeneChip data for quantitative RT-PCR analysis. As shown in Figure 5 , the expression levels of four fructosyltransferase genes were significantly correlated with stem WSC levels in the 16 SB lines (r 5 0.63-0.73 and P , 0.01) as well as with stem fructan levels (r 5 0.51-0.52 and P , 0.05). Correlations of the mRNA levels of fructosyltransferase genes with fructan levels appear to be lower than with WSC levels. Particularly, when the highest WSC and fructan line (SB169) was excluded from analysis, correlations between fructosyltransferase mRNA levels and fructan levels fell below the significant level (P . 0.05). In contrast, correlations were still statistically significant between fructosyltransferase mRNA levels and WSC levels, even when SB169 was excluded.
The expression levels of two major Suc synthase isoenzyme genes (TaSuS3 and TaSuS11) and one major soluble acid invertase gene (TaSAInv2) were inversely correlated with WSC levels (r 5 0.52-0.68, P , 0.05; Fig. 6 ). The other predominantly expressed isoenzyme genes that showed a significant inverse correlation (r 5 0.63-0.68, P , 0.01) with stem WSC concentrations in these 16 SB lines were two fructokinases (TaFK4a and TaFK4b), pyruvate dehydrogenase complex subunits (TaPDH-E1b1 and TaPDH-E3-1), UDP-Glc dehydrogenase (TaUGDH1), UDP-glucuronate decarboxylase (TaUGDC1), and three cellulose synthase subunit genes (TaCesA1b, TaCesA4-like, and TaCesA10; Fig. 6 ). These data provide strong evidence at the transcript level for the role of these carbohydrate metabolic gene families in genotypic variation in WSC accumulation. Because Suc synthase, soluble acid invertase, and 1-SST are three important differentially expressed enzyme families with relatively high differences in expression level between high and low WSC lines, we measured the activities of these three enzymes in the stem of the eight SB lines that were used in Affymetrix GeneChip analysis. The enzyme activities of both Suc synthase and soluble acid invertase in these eight SB lines were significantly correlated with the total mRNA levels of their respective enzyme families derived from the Affymetrix GeneChip data (Fig. 7) . The correlation coefficients for Suc synthase and soluble acid invertase were 0.76 and 0.80 (P , 0.05), respectively. The activities of these two enzymes were inversely correlated with stem WSC concentrations in these SB lines ( Expression analysis showed that the transcript levels of UDP-Glc 6-dehydrogenase, UDP-glucuronate decarboxylase, and some subunits of cellulose synthase were inversely correlated with the stem WSC levels, suggesting potentially differential partitioning of carbon to the cell wall components between high and low WSC lines. Therefore, we performed a comparative analysis of stem hemicellulose and cellulose contents between the three highest and three lowest WSC SB lines (Fig. 1) . The high and low WSC groups had a similar anthesis date (see the caption of Table II) ; particularly, the highest WSC line (SB169) and the lowest line (SB165) had the same anthesis date. Cellulose and hemicellulose are the major components of cell walls in cereal stems. As shown in Table II , both cellulose and hemicellulose contents in the stem were significantly lower in the high WSC lines than in the low WSC lines, which agrees with the transcript data of enzyme genes related to the synthesis of these cell wall polysaccharides. Relative difference in carbon partitioning between WSCs and cell wall polysaccharides can be expressed as the ratio of WSCs to hemicellulose plus cellulose, which markedly differs between high and low WSC groups (Table II) .
DISCUSSION
Stem WSCs serve as a carbohydrate reserve for grain filling in wheat and other cool-season cereals (Schnyder, 1993; Wardlaw and Willenbrink, 1994; Blum, 1998; Gebbing, 2003) . This study represents a comprehen-sive investigation in molecular dissection of genotypic differences in WSC metabolism in stems. We demonstrated here that genotypic differences in WSC accumulation in wheat stems were determined at least in part by differential regulation of some carbohydrate metabolic genes at the transcript level and identified a number of key enzyme families that appear to be associated with the variation in WSC accumulation.
Fructan is the major component of stem WSCs that accounts for variation in the WSC concentrations among these SB progeny lines. It is synthesized from Suc in the vacuole and is one of the major temporary reserve carbohydrates in the vegetative organs of coolseason cereals and other grass species (Pollock and Cairns, 1991; Ritsema and Smeekens, 2003; Chalmers et al., 2005) . The b-2,6-linked fructan is synthesized by the consecutive action of 1-SST and 6-SFT (Ritsema and Smeekens, 2003; Chalmers et al., 2005) . The enzymes responsible for the synthesis of b-2,1-linked fructan are 1-SST and 1,2-b-fructan 1F-fructosyltransferase. Ta1-SST and Ta6-SFT genes were differentially expressed among SB genotypes differing in WSC concentrations. Strong positive correlations between the Ta1-SST/Ta6-SFT transcript levels and the stem WSC or fructan concentrations clearly indicate that these two enzyme families are associated with genotypic variation in fructan accumulation. This is in line with the fact that fructans in cereal stems are predominantly of the b-2,6-linked type (Bancal and Triboï, 1993) . We also demonstrated that the enzyme activity of Ta1-SST was positively correlated with its mRNA level and fructan concentration in the stem.
It has been shown in some studies that exogenous Suc can enhance fructan accumulation and fructosyltransferase mRNA level or enzyme level Table I . Red color indicates enzyme families with the total mRNA levels positively correlated with stem WSC concentrations; blue indicates enzyme families with the total mRNA levels inversely correlated with WSCs; black indicates enzyme families that showed no significant correlations. The asterisks (*) show potentially positively WSC-correlated enzyme families (see description in ''Results''). Suc levels were also positively associated (though not statistically significant) with WSC concentrations in the stem among these SB lines. However, there was no correlation between the Suc and fructan levels in the stem. Thus, the stem Suc levels did not appear to contribute to genotypic variation in fructan accumulation unless there is genotypic variation in Suc compartmentation in the stem of these lines. No difference in the total mRNA level of vacuolar Suc transporter genes, based on high-sequence homology with a previously characterized barley vacuolar transporter (Endler et al., 2006) , between high and low WSC lines was observed (data not shown). In addition, the mRNA levels of fructosyltransferase genes were not correlated with stem Suc levels among the 16 SB lines (r , 0.3). Whether there is genotypic difference in intercellular Suc compartmentation or the presence of other factors controlling fructosyltransferase expression awaits further investigation.
Another factor that potentially contributes to fructan accumulation is the fructan hydrolysis rate. Fructan is hydrolyzed to Fru and Suc by fructan 1-exohydrolase (1-FEH) and/or fructan 6-exohydrolase (6-FEH; Van den Ende et al., 2005; Van Riet et al., 2006) . The transcript levels of TaFEH genes did not appear to be associated with genotypic variation in the stem WSCs at anthesis.
Suc is central to WSC metabolism. Up-or downregulation of genes involved in Suc synthesis or hydrolysis is likely to play an important role in determining the pool size of WSCs or fructan in the stem. We found that the transcript levels of the enzymes (Suc synthase and soluble acid invertase) involved in Suc hydrolysis were inversely correlated with the stem WSC levels among the SB progeny lines. Analysis of enzyme activities of these two enzymes supports these expression data. This suggests that a high level of WSC accumulation is associated with a reduced rate of Suc hydrolysis.
A lower rate of Suc hydrolysis in high WSC lines, as indicated by reduced levels of Suc synthase and soluble acid invertase activities, appears to be accompanied by a reduced expression level of fructokinase. Fructokinase controls the rate of Fru entering the glycolytic pathway. Although no significant correlations between the total mRNA levels of enzymes involved in glycolysis and stem WSC concentrations were observed, the transcript levels of two enzyme components (E1b and E3) from the mitochondrion pyruvate dehydrogenase showed a significant inverse correlation with WSCs. The pyruvate dehydrogenase in the mitochondrion is a key enzyme group that controls the rate of carbohydrates entering the tricarboxylic acid cycle (Tovar-Méndez et al., 2003) . However, as genotypic differences in the mRNA levels of these differentially expressed components of the pyruvate dehydrogenase were relatively small, a demonstration of differences in the enzyme activity would be technically difficult.
It is interesting to note that unlike fructokinase, no decrease in the total mRNA level of the hexokinase family was observed along with the significant reduction in soluble acid invertase mRNA and activity in high WSC lines. This may be explained by the possibility that the reduced rate of Glc production by acid invertase in the high WSC lines is compensated by an increased amount of Glc released from fructan synthetic reactions, in which the fructosyl-moiety of Suc is incorporated into fructan (Pollock and Cairns, 1991). Correlations between the expression levels of these genes and WSC or fructan concentrations are all statistically significant (P , 0.05). Ta1-SST1 gene is not present in the Affymetrix GeneChip. TC number of each gene is provided in Supplemental Table S3 . DW, Dry weight.
Furthermore, the difference in differential transcript regulation between fructokinase and hexokinase may be partly related to another fact that Fru is a common product of Suc hydrolysis by both acid invertase and Suc synthase.
The other product of Suc hydrolysis by Suc synthase is UDP-Glc. The total mRNA levels of the other two UDP-Glc utilizing enzymes, cellulose synthase (subunits TaCesA1, TaCesA4-like, and TaCesA10) and UDPGlc dehydrogenase, were highly correlated with that of the Suc synthase family (r . 0.9; data not shown). Genetic studies on cellulose synthase subunit mutants in Arabidopsis have shown that CesA1 is one of the essential subunits of the cellulose synthase complex involved in primary cell wall synthesis (Arioli et al., 1998) and CesA4 in secondary cell wall synthesis (Taylor et al., 2003) . In addition, the mRNA level of the enzyme family (UDP-glucuronate decarboxylase), involved in removal of the product of the UDP-Glc dehydrogenase-catalyzed reaction and diverting carbohydrates to hemicellulose synthesis (Harper and Bar-Peled, 2002) , was also highly correlated with that of the Suc synthase family (r 5 0.91). The mRNA levels of the major isoenzymes of these enzymes were positively correlated with the major isoenzyme (TaSuS3) of Suc synthase (r 5 0.8-0.9; data not shown) and inversely correlated with the stem WSC levels in the 16 SB lines. These enzymes divert carbon from the Suc pool to cell wall components (cellulose and hemicellulose). Comparative analysis of hemicellulose and cellulose contents in wheat stems between high (three highest lines) and low (three lowest lines) WSC groups showed that the high WSC lines contained significantly lower amounts of these cell wall polysaccharides (mainly hemicellulose) than the low WSC lines, thus supporting the data on the inverse relationships between WSCs and transcript levels of the genes involved in cell wall polysaccharide synthesis. This difference in the cell wall polysaccharide contents based on total dry matter may be partly due to WSC concentrations. When values are expressed on the basis of total dry matter minus the WSC component, no difference in cellulose content between high and low WSC groups was observed, but the hemicellulose content in the high WSC group is still significantly lower than that in the low WSC group (data not shown). Nevertheless, relative partitioning of carbon between WSCs and cell wall polysaccharides in the stem, as expressed as the ratio of WSCs to hemicellulose and cellulose, considerably differed between high and low WSC lines. The reduced carbon partitioning to cell wall polysaccharides in the high WSC lines did not lead to apparent reduction in plant growth or weakness in stem strength. Genotypic variation in cellulose and hemicellulose contents in plants is known from previous studies. For example, in a legume forage Cyamopsis tetragonoloba, cellulose and hemicellulose contents varied from 16.6% to 28.1% and 3.7% to 9.3% of dry matter among 14 genotypes, respectively (Das et al., 1975) . The arabinoxylan content in wheat grains ranged between 4.07% and 6.02% of dry matter among five genotypes (Lempereur et al., 1997) . The range of the neutral detergent fiber content (composed of mainly cellulose, hemicellulose, and lignin) in wheat straw is between 68.18% and 81.97% of dry matter and the range of the calculated hemicellulose content is between 24.91% and 30.70% among 15 genotypes (Habib et al., 1995) . Interestingly, an inverse relationship between WSCs and neutral detergent fiber contents has been observed in the shoot of ryegrass (Lolium perenne) varieties (Smith et al., 2002) .
Overall, the data derived from a combined analysis of global transcript profiling and key enzyme activities or end product contents in stems suggest that the high stem WSC trait in wheat is associated with the following factors: (1) enhanced fructan deposition, (2) reduced Suc hydrolysis, and (3) reduced carbon partitioning into cell wall polysaccharides. In addition, a decrease in the transcript levels of fructokinase and some components of the pyruvate dehydrogenase in the high WSC lines implicates a potentially decreased flux of carbohydrates to the tricarboxylic acid cycle, which could positively contribute to WSC accumulation. These represent biochemical mechanisms for the enhanced WSC accumulation in the stem of some wheat genotypes. Strong correlation between the WSC concentrations and the transcript levels of the major isoenzyme genes from some of these differentially expressed enzyme families suggest that some of these genes are potential targets for metabolic engineering to improve stem WSC concentrations in wheat. However, a complete picture of the molecular basis of the WSC trait and its contribution to grain yield awaits further molecular analyses of genotypic differences in WSC metabolism in the source leaf organ and its mobilization from stem to grain during the grain-filling period. Figure 7 . Correlations between the total mRNA levels and enzyme activities of Suc synthase, soluble acid invertase, and 1-SST in the stems of eight SB lines. The total mRNA level of each enzyme family was determined using the Affymetrix GeneChip. Each point represents the mean of two field replicate samples. The enzyme activity is expressed as micromoles of Fru or Glc released from Suc by respective enzymes as described in ''Materials and Methods.'' For each line, WSC concentration in aboveground plant material at anthesis (DC65) was determined in several of these trials. From these data, 16 SB lines with a similar anthesis date, differing in WSC concentration, were chosen in this study. These 16 lines were grown under rain-fed conditions, with some supplementary irrigation because of low plant-available water in the soil, with two field replicates of each line in 2005 at the CSIRO Cooper Laboratory at Gatton (latitude 27°34#S; longitude 152°17#E). The site was on a deep fertile prairie loam soil developed on alluvium with a plant-available water holding capacity of about 250 mm to a depth of 1.5 m. The trial was sown on July 12, at the end of the normal sowing window for the region, and harvested for grain yield assessment on November 21. Plot size was 6 3 1.76 m (eight rows) with an interrow spacing of 22 cm. Plots were sprayed with herbicides to control weeds and fungicide to prevent foliar diseases. At sowing, the plantavailable water holding to 1.5-m depth was 112 mm (i.e. 47% of plant-available water holding capacity). From sowing to before anthesis, 67 mm of water was added through rain (17 mm) and some irrigation (50 mm); 2 d before anthesis there was 30 mm of rain; from anthesis to midgrain fill a further 5 mm of rain; and from midgrain fill to harvest a further 332 mm of rain. All plots exhibited considerable drought stress before anthesis (the mean value of anthesis biomass in this rain-fed trial was 70% of that in an adjacent trial of the same genotypes that received 100 mm of irrigation in the preanthesis period), and during the early to midgrain fill period.
MATERIALS AND METHODS
Plant Materials and Field Growth Conditions
The stem tops (peduncle and penultimate internode with leaf sheath attached) were sampled at 50% anthesis between 12 and 1 PM about 2 d after 30 mm of rain (otherwise, prior irrigation would be required to relieve drought stress). At the time of sampling the surface of the soil in these plots was still wet and plants were in a full hydration status. Each sample contained seven to eight stems from main tillers that were randomly sampled from each plot, immediately dropped into liquid nitrogen, stored at 280°C, and used for RNA isolation, WSC, enzyme, and cell wall polysaccharide analyses.
WSC Extractions and Measurements
WSCs were extracted from 100 mg of lyophilized and powdered stems (peduncle and penultimate internode with leaf sheath attached) with 10 mL of 80% (v/v) ethanol at 80°C followed by two extractions of the same volume of water at 60°C. WSC level in the combined extracts was measured using the anthrone method (Yemm and Willis, 1954) . The WSC composition (Suc, Glc, Fru, and fructan) in the combined extracts was determined by high-performance anion-exchange chromatography as described by Ruuska et al. (2006) .
Total RNA Extraction
Frozen fresh stems (peduncle and penultimate internode with leaf sheath attached) were ground to fine powder in liquid nitrogen. Total RNA was isolated from wheat (Triticum aestivum) stems using Plant RNA Reagent (Invitrogen), according to the manufacturer's instruction. RNA was further purified through an RNeasy column (Qiagen) after pretreatment with RNasefree DNase I (Xue and Loveridge, 2004).
Expression Analysis Using Affymetrix GeneChip Wheat Genome Array
In the Affymetrix GeneChip expression experiment, a subset of eight of the 16 SB lines covering the range of WSC levels was selected (see Fig. 1 ). The wheat genome array (Affymetrix GeneChip) contains 61,127 probe sets representing 55,052 transcripts for all 42 chromosomes in the wheat genome. RNA quality check, cRNA preparation, labeling, hybridization, and data acquisition of Affymetrix wheat GeneChips were performed by the microarray service at the Australian Genome Research Facility, Melbourne, Australia. A total of 16 Affymetrix genechips for 16 RNA samples from the eight SB lines with two field replicates of each line were used in this study. The raw GeneChip data were normalized using robust multiarray average, a log scale measurement of expression developed by Irizarry et al. (2003) , using the default settings for the Affymetrix package within Bioconductor, running within the R-statistical programming environment (http://www.r-project. org/). The full data set has been deposited in the National Center for Biotechnology Information (NCBI) Gene Expression Omnibus (GEO; http:// www.ncbi.nlm.nih.gov/geo/) and is accessible through GEO Series accession number GSE9767. The normalized expression data for genes (probe sets) from enzyme families related to WSC metabolism (see Supplemental Table S1 ) were retrieved and carbohydrate metabolic genes with normalized hybridization signals of ,20 were discarded. The sequences of the retrieved probe sets were searched for corresponding TC sequences in the TaGI database (http:// compbio.dfci.harvard.edu/tgi/cgi-bin/tgi/gimain.pl?gudb5wheat). When multiple probe sets fell into the same TC sequence, the mean expression value was used for analysis. The sequences of these retrieved genes went through further bioinformatic analyses for checking correctness of their annotations against NCBI BLAST databases (http://www.ncbi.nlm.nih.gov/ BLAST/) and prediction of potential subcellular location as described at the latter section. The reannotated carbohydrate metabolic genes were then grouped into enzyme families. The expression values for these WSC metabolism-related genes are presented in Supplemental Table S1 . Pearson correlation analysis was used for the identification of carbohydrate metabolic genes for their potential association with the WSC trait. Correlations between mRNA levels and stem WSC concentrations in eight SB lines were analyzed at both genotypic (using the mean value of two field replicates of each line; n 5 8) and genotype/field-replicate levels (8 genotypes 3 2 field replicates, n 5 16). Differences in mRNA and WSC levels between two field replicates of each line represent both biological and environmental variation. Genes with correlation coefficients that were statistically significant (P , 0.05) at both levels were considered to be potentially associated with the WSC trait. The reliability of the Affymetric GeneChip data was confirmed by quantitative RT-PCR analysis of 20 genes with a mean correlation coefficient of 0.95 between the two methods (Supplemental Table S2 ). The Affymetrix GeneChip data on the relative transcript abundance of individual isoenzymes from a given enzyme gene family were also assessed by quantitative RT-PCR analysis of two enzyme families (Suc-P synthase and Suc synthase). (www.cbs.dtu.dk/services/SignalP/), MITOPROT (http://ihg.gsf.de/ihg/ mitoprot.html), ChloroP 1.1 (www.cbs.dtu.dk/services/ChloroP/), TMHMM (http://www.cbs.dtu.dk/services/TMHMM-2.0/), and PredictNLS (http:// cubic.bioc.columbia.edu/cgi/var/nair/resonline.pl) was used to predict subcellular location. The subcellular location of each protein was predicted first using BaCello, Plant-PLoc 2.0, LOCtree, and WoLF PSORT and was then further analyzed by other prediction tools as detailed below. Chloroplast location was predicted by ChloroP 1.1 and TargetP 1.1, based on the presence of a chloroplast transit peptide. Mitochondrial location was predicted by TargetP 1.1 and MITOPROT, based on the presence of a mitochondrial targeting peptide. Extracellular location was predicted by SignalP 3.0 (based on the presence of a secretory pathway signal peptide, but without a signal anchor sequence). Nuclear location was predicted using PredictNLS, based on the presence of nuclear localization signal. Vacuolar location was predicted based on the presence of signal anchor sequences near the N terminus with or without a signal peptide (SignalP 3.0) and high homology with known vacuolar proteins in the SWISS-PROT database using WoLF PSORT. Many plant vacuolar invertases are known to have no N-terminal signal peptide, but contain a single hydrophobic subterminal transmembrane segment near the N terminus (Ji et al., 2005) . FEHs encoded by the TaFEH genes listed in Supplemental Table S1 all contain a hydrophobic N-terminal signal peptide with no signal anchor sequences, as predicted by SignalP. Although the presence of FEH enzymes and fructans in the apoplast has been demonstrated (Livingston and Henson, 1998; Van den Ende et al., 2005) , the vacuole is probably a primary subcellular location for most of FEH enzymes (Wagner and Wiemkem, 1986; Van den Ende et al., 2003; Lothier et al., 2007) . Many proteins have experimentally been shown to have more than one subcellular location, such as cytoplasmic and nuclear locations of a yeast hexokinase (Randez-gil et al., 1998) . To date, no known vacuolar targeting signals have been identified in 6-and 1-FEHs. Plasma membrane location and presence of transmembrane helices are predicted using WoLF PSORT and TMHMM. When a wheat TC sequence or EST was not full length, the sequence of a highly homologous gene (.90% amino acid similarities in the available sequence region) from other plant species was used for prediction.
Bioinformatic Prediction of Subcellular Locations of Wheat Proteins
Quantitative RT-PCR Analysis cDNA was synthesized using an oligo(dT) 20 primer from total RNA samples that had been pretreated with RNase-free DNase I (Xue and Loveridge, 2004) and purified through an RNeasy column (Qiagen). The transcript levels of wheat genes were quantified with real-time PCR with an ABI Prism 7900 sequence detection system (Applied Biosystems) using SYBR Green PCR Master Mix (Applied Biosystems) according to the manufacturer's instructions. An external reference mRNA (626 nt) in vitro transcribed from a bovine cDNA (CF767388; Xue et al., 2006a ) was added to each RNA sample (0.04 pg of the external reference mRNA per microgram of total RNA purified through a Qiagen column) before cDNA synthesis to check the similar efficiencies in cDNA synthesis among RNA samples. The sequences of primer pairs used for real-time PCR are listed in Supplemental Table S3 . The gene-specific primers were designed based on the multiple sequence alignment of ESTs from each TC with primer sequence selection mainly targeting the EST sequence used in Affymetrix wheat GeneChip. The gene specificity of primers for each gene during primer designing was checked by blasting primer sequences in the TaGI database (using an expect value setting at 10,000), matching only with the sequence of the targeted gene, except those (indicated in Supplemental Table S3 ) where the presence of extremely highly homologous TC sequences makes designing of the gene-specific primer pair impossible.
Two wheat genes (TaRPII36, RNA polymerase II 36-kD subunit [TC235230; Xue et al., 2006b ] and TaRP15, RNA polymerases I, II, and III, 15-kD subunit [TC265122]) were used as internal reference genes for calculation of relative transcript levels of the genes under study. The mRNA levels of these internal reference genes were almost the same in the stem among samples of the 16 SB lines, as judged using the external reference gene (CF767388). The PCR efficiency of each primer pair was determined by a dilution series of samples. The specificity of real-time PCR amplification was confirmed by the following criteria: (1) a single peak in Tm curve analysis of real-time PCR-amplified products and (2) a single band on gel electrophoretic analysis. For the accuracy of quantitative RT-PCR data, single-channel pipettes were used for setting up real-time PCR assays.
The AEL of each gene relative to an internal reference gene, TaRPII36, was calculated using the following formula (Stephenson et al., 2007) :
where Ct is cycle threshold (PCR cycle number required for reaching the signal point used for detection across samples), Er is reference gene amplification efficiency (TaRPII36), Et is target gene amplification efficiency, and F is amplicon size factor (reference gene amplicon size divided by target gene amplicon size). We tentatively used AEL values here to provide an approximate estimation of relative expression levels among various genes under the situation where the absolute quantification of mRNA levels for a large number of genes using a cRNA (or cDNA) calibration curve is not possible.
Measurements of Suc Synthase, Soluble Acid Invertase, and 1-SST Activities
Stem (peduncle and penultimate internode with leaf sheath attached) samples were homogenized to fine powder in liquid nitrogen. The powdered sample (0.5 g) was homogenized in 2 mL of cold homogenization buffer (25 mM HEPES-KOH, pH 7.4, 50 mM KCl, 5 mM MgC1 2 , 1 mM EDTA, 1 mM EGTA, 1 mg mL 21 bovine serum albumin, 0.1% Triton X-100, and 5 mM 1,1,1,-trichloro-2,2-bis(p-chlorophenyl)ethane). The homogenate was centrifuged at 13,000g and 4°C for 10 min. Suc synthase and soluble acid invertase in the supernatant were precipitated by 15% polyethylene glycol (8,000 kD) as described by Albertson and Grof (2007) . The precipitate was washed once with 15% polyethylene glycol and then dissolved in 1 mL of enzyme buffer (25 mM HEPES-KOH, pH 7.4, 50 mM KCl, 5 mM MgC1 2 , 1 mM EDTA, 1 mM EGTA, and 1 mM 1,1,1,-trichloro-2,2-bis(p-chlorophenyl)ethane) for 30 min. The dissolved enzyme preparation (1 mL) was centrifuged at 13,000g and 4°C for 10 min to remove insoluble material and then concentrated by ultrafiltration using Centricon-30 (Millipore). The filtrate was washed once with 1 mL of the enzyme buffer and used for enzyme assays. Suc synthase activity was measured in Suc degradation direction in the following reaction mixture: 100 mM Suc and 8 mM UDP, 25 mM HEPES-KOH, pH 7.0, 50 mM KCl, and 5 mM MgC1 2 . The reaction without UDP was used as control. The reaction was incubated at 30°C for 60 min and terminated by heating at 85°C for 10 min. The Fru and Glc released from Suc were determined by the HPLC method and the amount of Fru over an equal molar amount of Glc was used for measurement of Suc synthase activity (Albertson and Grof, 2007) . This is because in this assay system Suc is also hydrolyzed to Fru and Glc by neutral invertase.
Soluble acid invertase activity was measured in the following reaction mixture: 100 mM Suc, 50 mM sodium citrate, pH 5.0, and 50 mM KCl. The reaction with heat-inactivated enzyme preparation was used as control. The reaction was incubated at 30°C for 60 min and terminated by heating at 85°C for 10 min. The Glc and Fru released from Suc were determined by the HPLC method (Albertson and Grof, 2007) . Acid invertase activity was calculated based on the amount of Fru production. This is because, in wheat stem, 1-SST is able to release the Glc moiety of Suc while it incorporates the Fru moiety into fructan.
1-SST activity was measured as for the soluble acid invertase assay. The excess molar amount of Glc over Fru produced from Suc in the 1-SST and soluble acid invertase reaction was used to estimate 1-SST activity.
For all three enzymes, the amount of enzyme solution and reaction time were previously determined to be in the linear range of the reaction.
Measurements of Hemicellulose and Cellulose Contents
Frozen fresh stems (peduncle and penultimate internode with leaf sheath attached) were ground to fine powder in liquid nitrogen and dried at 60°C. Dried stem powder (0.5 g) was used for fractionation of hemicellulose and cellulose. Water-and ethanol-soluble materials were removed by sequential extraction twice with water at 70°C (14 and 3 h), twice with 80% ethanol at 80°C (2 h each) and then once with water at 70°C (16 h). Cell wall material was extracted sequentially with 100% ethanol at 85°C, then with acetone, methanol:chloroform mixture (1:1, v/v), and ethanol at room temperature (1 h each extraction), and dried at 60°C. The dried cell wall material was suspended in 10 mL of 50 mM sodium citrate buffer (pH 6.5) containing 6 units mL 21 porcine pancreatic a-amylase (Sigma) and incubated at 37°C for 4 h to remove starch. After digestion with a-amylase, samples were washed twice with water and dried at 60°C. Hemicellulose was dissolved from the a-amylase-treated samples by three-time extractions with 17.5% (w/v) NaOH containing 0.02% (w/v) NaBH 4 at 22°C (12-14 h each extraction). The hemicellulose extracts were neutralized with 100% acetic acid and hemicellulose was precipitated by adding 2.5 volumes of 100% ethanol at 4°C. The hemicellulose precipitate, after washing four times with 75% ethanol containing 1 mM acetic acid, was dissolved (partially) in 25 mM NaOH and hydrolyzed in a 2.5% (v/v) H 2 SO 4 solution at 92°C for 8 h. The reducing sugars released from hemicellulose were determined by the colorimetric method of Lever (1972) using Xyl and oatspelled xylan hydrolysate as standards. The alkaline insoluble fraction of the cell wall material was incubated with nitric/acetic acid mixture (nitric acid, 80% acetic acid; 1:10 by volume) at 90°C for 1 h, washed twice with water, and then dissolved in 67% (v/v) H 2 SO 4 . The cellulose content in the nitric/acetic acid-treated samples was determined by the anthrone method as described by Updegraff (1969) .
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